Abstract. The interest in assistance and personal robots is constantly growing. Therefore robots need new, sophisticated interaction abilities. Psychologists point out that most of the human-human interaction is conducted nonverbally. For that reason, researchers try to enable humanoid robots to realize nonverbal communication signals. This paper presents a compact, lightweight, and low-cost arm and hand design to enable humanoid robots to use gestures as nonverbal interaction signals.
Introduction
Recent developments in robotics show a growing interest in assistance and personal robots. Application areas for these robots reach from the care of elderly people, over nursing robots or household robots, to tour guiding robots or museum guide robots, as mentioned in [1] . These application areas lead to completely new requirements for the robot design compared to traditional service or industrial robots. These robots need abilities to interact and behave socially. One of the first steps in the development of such a robot is the mechanical realization of humanlike interaction abilities.
Fig. 1 The humanoid Robot ROMAN
Psychologists conducted a lot of research on human interaction. They suggest that more than 50% of the human-human interaction is realized nonverbally, see [2] . Considering these findings, a human-like interacting robot especially needs the abilities for nonverbal interaction. Facial expressions and gestures are mainly used for the generation of nonverbal signals, cf. [3] . A system for describing and classifying gestures is described in [4] . In order to use these studies as basis for the development of an interacting robot a human-like robot shape seems to be necessary. Thereby several requirements for the robot design can be derived:
• Most of the research in the area of humanoid robots focuses on skills like bipedal walking or object manipulation e.g. in [5] . Therefore, not all requirements for the generation of nonverbal interaction are realized in the construction of these robots. In the last few years there was an increasing interest in the development of so called "robot companions". One of these companions, a miniaturized humanoid robot, is introduced in [6] . These companions have the abilities for the realization of all kinds of gestures but most of them are lacking the possibility for facial expressions. One of the first humanoid robots fulfilling all requirements for the generation of nonverbal expressions is WE-4RII of the Takanishi Lab of the Waseda University in Japan, [7] .
Although this robot is equipped with a rather technical face it is able to present several emotional expressions. A robot providing a more humanlike face is presented in [8] . Furthermore, this robot is able to realize expressive gestures. Although there is a lot of research going on in this area it is still an open question how to design a compact, lightweight, and low-cost humanoid robot, able to realize nonverbal expressions.
The Robotics Research Lab of the University of Kaiserslautern is developing the robot ROMAN 1 as test platform for human-robot interaction. Till now this robot is equipped with an expressive face and an upper body, cf. Fig. 1 [9] . For that reason, the development of arms and hands regarding the criteria mentioned above was the goal of the research work presented here. In the following the design of the new arms and hands is discussed. Afterwards an outlook for future work is given.
Design of Arms and Hands
For the design of arms and hands there exist several preconditions: Besides approx. humanlike ranges of motion and size, they should also fulfill the secondary conditions of lightweight and low-cost. For safety reasons, the weight of the arm should not exceed 6 kg, otherwise the robot may harm its human interaction partners. In addition the robot should be able to fulfill simple manipulation tasks. Therefore, sensors to measure the force of the grip and to measure the exact position of the different joints should be integrated.
Arm Design. To reduce the weight and the costs of the arm, compact linear actuators for realizing the arm movement have been designed. Using these linear actuators it is possible to reduce the motor size by combining these actuators with parallel springs (Fig. 2a) . That way, smaller motors can handle the same payload than stronger ones. These actuators are used for rotating and lifting the upper arm, for lifting the forearm, and for the movement of the wrist. For the rotation around the axis of the upper arm and the forearm, motors have been located exactly on a longitudinal axis of upper arm and the forearm, resp. The first actuator is located horizontally inside the shoulder of the robot. To control the movements of the arm it is important to get precise information of the current rotation angles of the different joints. Because of the linear actuators attached to the arm and the passive movement capabilities of the actuators (depending on their mounting by bearings) it is hard to calculate the rotation angles depending on the encoders attached to the motor axis. For the realization of this, the different motor controllers would have to communicate with each other and consider the positions of the other actuators for controlling the corresponding motor. To avoid this, the arm has been equipped with absolute position encoders located in the joint axis. That way the motors can be controlled without communication between the different controllers. In Fig. 2a the developed arm including the position encoders is shown.
Using these construction principles the whole arm (including the motors located in the robot's shoulder and next to the hip) without hand has a weight of about 3.75 kg. Furthermore it is able to lift a payload up to 8 kg. All technical details concerning the arm are depicted in Tab. 1. The big difference for "hyperextension", "hyperadduction", and "horiz. extension" of the upper arm depends on the fact that for the realization of these movements humans do not just use the joints of the arm but also the shoulder and the collarbone.
Hand Design. To design the hand, the kinematics of the human hand has been investigated. Since the human hand is very complex, in [10] a simplified kinematics diagram with 19 DOF plus 3 DOF (wrist) has been introduced. Unfortunately, this version is still very complex and it is hard to realize such a hand in a compact way including all the electronics. After some additional investigations an even more simplified version has been derived. This kinematics version provides 15 DOF. To realize a compact hand including all the actuators, the basic functions of the finger has been analyzed. Real fingers are driven by elastic tendons, and the basic function of the hand is to grap 3D objects. Therefore, the decision was to transmit motions from small motors with gears located inside the palm
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by kinematic coupling between the consecuitive phalanges of each finger. Because of this, the derived kinematics model can be realized using only 6 motors -2 motors for the thumb and 4 motors for the other fingers.
To get tactile and force feedback the hand is equipped with different sensors. For simple tactile feedback switches are located in the fingertips. For more sophisticated force feedback absolute position encoders have been attached to the joints connecting the fingers with the palm. By attaching serial springs to the rods moving the fingers the current force of the grip can be calculated. By comparing the difference of target position and actual position the compression of the spring and therey the force of the grip can be calculated.
Since the hand is build out of abs-plastic a very lightweight construction has been realized. The weight of this hand construction in total (including motors and sensors) is 375 g. The size of the hand is almost comparable to human hands. All technical parameters of the developed hand compared to the human hand are described in Tab. 2. In Fig. 2(b) the developed hand including motors and sensors is shown.
Conclusion and Future Work
The paper presented the newly designed arms and hands for the humanoid robot ROMAN. They have been developed considering the conditions of being compact (all electronics should be included), lightweight, and low-cost. Furthermore they should provide the capabilities to realize humanlike gestures and handle simple manipulation tasks. Although the achieved ranges of motion differ from the human ranges of motion (cf. Tab. 1 and Tab. 2), the first tests were quite promising and at least some basic gestures can be realized. However, in the next version the ranges of motion should be increased. Additionally the arms should be improved by adding elasticity to reduce the risk of dangerous collisions -for human interaction partners as well as for the robot itself. Finally psychological experiments should be realized to determine the quality of gestures realized with the arms and hands.
